We demonstrate theoretically and experimentally the direct observation of photonic Bloch wavefunctions in dielectric loaded plasmonic crystals. The ultimate ability to observe the Bloch wavefunctions in the surface emission images depends not on the light diffraction through the holes but on the strength of the in-plane light scattering from the individual lattice features and the presence of the metal layer which allows the light propagating within the crystal to be imaged in the far-field. Experimental results are in excellent agreement with simulated surface emission and back focal plane images of plasmonic crystals.
Introduction
Light propagation in periodic artificial structures such as photonic crystals has been the subject of great interest from both the fundamental and the applied standpoints. The ability to generate, guide, confine and detect light in the nanoscale with photonic periodic structures lead to the realization of a new generation of compact optical and optoelectronic devices with unprecedented functionalities [1, 2] . The interaction of electromagnetic waves with photonic periodic structures is described by the well-known Bloch wavefunctions. Experimental determination of Bloch wavefunctions is an invaluable diagnostic tool to obtain detailed information about the periodic structure including dispersion relation and image formation. Indirect and direct experimental verification of Bloch wavefunction dispersion in photonic crystal slab waveguides were demonstrated experimentally by out-of-plane leakage of light and by near-field optical microscopy, respectively [3] [4] [5] [6] . More recently the non-linear dispersion of Bloch wavefunctions was theoretically and experimentally investigated by selective excitation of the Bloch waves in photonic crystals at the high-symmetry points [7] . Although those studies provide fundamental information about the Bloch wavefunction propagation in photonic crystals, their realization requires special sample fabrication, dedicated technique, or special excitation conditions which limit the range of the available Bloch modes that are excited within the sample. In addition, to the best of our knowledge, no investigation on the influence of Bloch wavefunction dispersion on the image formation of photonic or plasmonic periodic structures has been reported thus far.
Experimental [8] [9] [10] [11] [12] [13] [14] and theoretical [12, 14] studies of back focal plane (BFP) images of plasmonic crystals using plasmon coupled leakage radiation (PCLR) [8, [15] [16] [17] [18] have been reported by several groups. Several studies involving real plane images of plasmonic crystals using plasmon-related imaging techniques have also been discussed [8, 19, 20] . More recently it has been reported the observation of periodic nanosize features in the surface emission (SE) images of plasmonic crystals obtained by the PCLR technique [11] . However, no detailed analysis or explanation of the subwavelength capabilities of this imaging technique has been reported.
In this paper we present a detailed investigation on the mechanisms involved in imaging a plasmonic crystal's Bloch wavefunctions using the PCLR technique. We demonstrate for the first time that the SE image of dye-doped dielectric-loaded plasmonic crystals can be described by an incoherent superposition of photonic Bloch wavefunctions involving all possible grating vectors of the crystal reciprocal lattice. We verified that the strength of the inplane scattering of light at the holes within the plasmonic crystals determines the SE image contrast of plasmonic crystals. Our simulations are supported by experiments based on SE and BFP images of dye-doped dielectric-loaded plasmonic crystals. Compared to previous studies, our method allows for unparalleled clarity of imaging of all allowed propagating modes, through the high-efficiency out-coupling of the light as well as the isotropic mode excitation method using fluorescent dyes, which cannot be directly applied to conventional photonic crystals.
Theory
A Bloch electromagnetic wavefunction is a spatially periodic function which is a monochromatic and amplitude-modulated plane wave, and has the property of being transmitted through a medium of periodic dielectric constant as a result of constructive interference of scattered wave-fronts. The phasor form of a Bloch wavefunction ( ( ) 
The total intensity I corresponding to the incoherent superposition of several photonic Bloch wavefunctions is equal to the sum of the intensities k I over all possible k -values. From Eq. (5) we conclude that the intensity of a photonic Bloch wavefunction will always have a periodicity equal to that of the lattice. However, it should be pointed out here that depending on the values of k , E y may or may not have the same periodicity as that of the crystal lattice.
Photonic Bloch wavefunctions are of particular interest because they carry information about the lattice (and defects), and they are dependent exclusively on the in-plane scattering to carry that information. However, most photonic Bloch modes are completely vertically confined and cannot be imaged without the use of near-field scanning techniques or other complex out-coupling and imaging methods [3] [4] [5] [6] [7] . PCLR [8, 9, 15, 22, 23] , on the contrary, is ideal for investigating photonic Bloch modes in the far-field. The leaked light provides back focal plane (BFP) images corresponding to the momentum map of the photons traveling in the surface of the plasmonic crystal [10] . The metal layer used in the realization of plasmonic crystals, specifically, causes the mode to have a term of propagation perpendicular to the guiding layer. This can be used to transform a strictly near-field phenomenon into a far-field one.
Typical BFP images of plasmonic crystals consist of several sets of rings, where the radius is proportional to the value of k at that point [10] . Each circle is displaced from the others by the reciprocal crystal lattice vectors G . This implies that each bright intensity point in the BFP image represents one value of the vector ( ) k G + in the summation in Eq. (3). In the SE image obtained from the Fourier transform of the BFP, Eq. (5) applies: as the light leaks to the substrate from every point of the metal-glass interface, the intensity distribution observed in the SE image is proportional to the total intensity (sum of k I ). This implies that in order to image the Bloch function, all that is needed is the extra rings in the BFP. This information is only dependent on the in-plane scattering adding momentum G to individual photons that propagate at the interface, and will be contained in the leaked light via its angle of leakage. Therefore, imaging of the Bloch wavefunction will be independent of the diffraction through the holes within the crystal. In fact, imaging of the Bloch wavefunction can be also obtained for nanosize holes [11] . It is important to note here that while the surface features may be extremely small, the SE image will correspond to the Bloch wavefunction and not to the surface itself. Although the details of individual features with very small sizes within the crystal may not be clearly distinguishable, the crystal periodicity signature in the SE images can be verified even for feature sizes far smaller than that expected from the diffraction limit of the light [11] . There are, of course, limitations to this technique. For example, the holes must be of sufficient size so that there is non-negligible in-plane scattering. Specifically this implies that the value , k G c in (2), for 0 G ≠ , is a significant fraction of the total sum. Smaller holes will result in reduced image contrast. The scattering features must also be arranged periodically, with a period within the limit p > λ SPP /2 [24] . Finally, a metal sheet must be included so that the excited photonic Bloch modes can leak to the substrate and then be imaged in the far-field.
In order to provide supporting evidence that the SE images of plasmonic crystals actually correspond to the total intensity associated with an incoherent superposition of photonic Bloch modes rather than the surface itself, we measured the SE images of dye-doped dielectric-loaded plasmonic crystals using the PCLR technique and then compare the obtained results with the simulated intensity of the photonic Bloch wavefunctions of the same plasmonic crystals for several values of k for all possible G values.
Sample fabrication
The samples used in this work consisted of ~110 nm thick Rhodamine-6G (R6G) doped PolyMethylMethAcrylate (PMMA) spun on top of a 50 nm thick gold film which was deposited on a glass substrate. The PMMA was patterned into a square symmetry crystal lattice with 200 nm hole diameter (d) and 350 nm period (p). Figure 1 shows a schematic (a) and Scanning Electron Microscope (SEM) top view image (b) of the fabricated crystal. The dye molecules were excited using a 532 nm wavelength laser source focused on the top of the sample by a 40 × microscope objective lens to the approximate size of the patterned plasmonic crystal. The emitted fluorescence from the dye molecules occurs in all directions and has peak intensity centered at ~568 nm wavelength. Part of the emitted light couples to surface plasmon photonic Bloch modes at the gold-PMMA interface. Details of the PCLR technique used can be found in [8] . The plasmon coupled light leaks to the glass substrate and then is collected by a 100 × microscope objective lens, bandpass filtered at 568 nm wavelength, and imaged in the real plane. The microscope objective lens produces the BFP, where we can then obtain the corresponding momentum map of the photons propagating in the surface of the crystal.
Results and discussion
We simulated the SE images of plasmonic crystals by evaluating 2 ( ) k u r , as described in Eq. Due to the finite numerical aperture of the microscope objective collecting lens (NA = 1.49) used in our experiments, the grating vectors G in the x-and z-directions in the BFP images of the plasmonic crystals investigated here are restricted to -1≤G x ≤1 and -1≤G z ≤1. This corresponds to a total of nine rings in the BFP images of square lattice plasmonic crystals (see discussion below). From Eq. (3) and Eq. (5) and the possible G -values we can then determine the corresponding intensity of the experimental SE images as:
Figure 2(a) shows the simulated BFP image, or equifrequency plot, of a square lattice plasmonic crystal with hole diameter 200 nm and periodicity 350 nm. The simulations were performed using the commercial software package BandSolve TM from RSoft [25] . The highsymmetry points in the crystal reciprocal momentum space are also indicated in Fig. 2(a) . The simulated BFP image consists of a central ring and eight shifted rings corresponding to, respectively, the guided wave plasmon-coupled propagation mode and to direct images of the photonic Fermi surfaces centered at each reciprocal lattice point, with center-to-center separation determined by the crystal lattice vectors [12] . The First Brillouin Zone (FBZ) is also indicated in Fig. 2(a) by a dashed line. The experimental BFP image of a plasmonic crystal with identical dimensions as that used in the simulation (Fig. 2(a) ) is shown in Fig.  2(b) . The close agreement between simulated and experiment is evident from the BFP images shown in Fig. 2 . The high-symmetry points Г, χ, and M of the crystal reciprocal momentum space in Fig. 2(a) are defined similarly to those used in the study of solid state and purely dielectric photonic crystals. Then we denote α and β as the points along the irreducible FBZ edge which intersect the mode of interest in the Г -χ and Г -M directions, respectively. In our analysis we specifically , respectively, for a plasmonic crystal with the same dimensions used to obtain Fig. 2(a) . The period is normalized to one so that the lattice points exist at every integer value. We also show in Fig. 3(d) the experimental SE image of a fabricated plasmonic crystal which corresponds to the simulated total intensity image shown in Fig. 3(c) . Figure 3(a) clearly shows that at α 1 point there exist differences in the amplitude of k I in the z-and x-directions, while the periodicity is the same in both the z-and x-directions. This is expected from Eq. (6), since the periodicity is dependent only on G , while the intensity depends on both G and k . In Eq. (6) at α 1 , G includes both G x and G z , while k includes only k x . This specifically justifies why it is necessary to evaluate k I for both α 1 and α 2 , where each point will be rotated by 90 degrees with respect to each other. In Fig. 3(c) we simulate the sum of the intensities at points α 1 , α 2 , β 1 , and β 2 . This summation approximates Eq. (6) by including all allowed G vectors and includes the most important k vectors: those found on the high symmetry lines (see Fig. 2(a) ). This is only an approximation of the experimental data shown in Fig. 3(d) since it does not include all k values, rather only at α and β, and also includes more G values than those accounted for in Eq. (6). demonstrates that the SE image obtained by PCLR technique permits observation of the subwavelength periodic features of the fabricated sample well. In order to further support this claim we show in Fig. 4 an intensity line profile along the x-direction over several crystal periods for the SE image shown in Fig. 3(d) . The small periodic variation observed in Fig. 4 may be attributed to fluctuations in the periodicity of the fabricated plasmonic crystal while the larger intensity variations are attributed to non-uniform excitation of the fluorescent dye. We determined from Fig. 4 that k I varies from 88% to 100%, which almost exactly matches the simulated intensity variation shown in Fig. 3(c) , suggesting that the summation at the points α 1 , α 2 , β 1 , and β 2 is a good approximation for Eq. (6). While we have shown imaging capabilities down to nanoscale holes [11] , here we choose to use larger holes to unambiguously demonstrate that photonic Bloch wavefunctions can be imaged in dye-doped plasmonic crystals with plasmon-coupled leakage radiation.
In order to provide additional supporting evidence that the SE images of plasmonic crystals are directly related to the photonic Bloch functions described here, we can isolate the components of G in the BFP, specifically allowing only one value of the grating vector in (6) . In this case the intensity now takes the form:
We can visualize Eq. (7) as taking Eq. (6) and only including values of G in the xdirection. Experimentally, we can achieve this effect by placing a spatial filter with a narrow transmission slit in the x-direction in the BFP of the collecting microscope objective lens. We can also introduce the slit in the reciprocal lattice diagonal so that Eq. (6) becomes:
following the constraint G x = G z . In these cases we now expect the periodicity of the SE images to become one-dimensional in the x-direction and in the diagonal direction ( ) / 2 x z + , respectively. . BFP ((a) and (c)) and SE ((b) and (d)) images obtained using a spatial slit filter placed in the BFP of the collecting microscope objective lens. This filter restricts which components of the vector G will be imaged at the surface. Figure 5 shows the results of these experiments: when the slit is placed parallel to the xdirection in the BFP image ( Fig. 5(a) ) the SE image (Fig. 5(b) ) consists of vertical parallel lines with period equal to that of the crystal lattice. Similar results (not shown) were obtained when the filter slit is placed in the z-direction, but in this case horizontal parallel lines were observed. When the slit is placed at a 45° degree angle in the BFP (Fig. 5(c) ) the SE image ( Fig. 5(d) ) consists of tilted (45° degrees) parallel lines. It is important to note here that for these cases the holes' signature in the SE images disappears and parallel lines are observed instead. We determined from Figs. 5(b) and 5(d) line periods (p) of p = 354 ± 4 nm and p = 250 ± 4 nm, which are in excellent agreement with the designed lattice periodicity (350 nm) and the expected period along the diagonal (254 nm) which is defined as / 2 p , respectively. The results shown in Fig. 5 further confirm that the SE images of dye-doped dielectric-loaded plasmonic crystals results from the incoherent superposition of photonic Bloch wavefunctions propagating at different crystal reciprocal lattice vectors rather than the surface itself.
Conclusions
We have investigated analytically, numerically, and experimentally photonic Bloch functions in dye-doped dielectric-loaded plasmonic crystals using surface plasmon-coupled leakage radiation technique. Our results indicate that the images observed in the plasmonic crystals are due to a combination of incoherent superposition of photonic Bloch wavefunctions as a result of the crystal periodicity, in-plane light scattering at the lattice patterned holes, and due to the presence of the thin metal layer which enables the propagating light within the crystal to leak into the substrates and then be imaged in the far-field. Excellent agreement between simulated and measured SE and BFP images of plasmonic crystals were obtained. Compared to previous studies, our approach enables well-defined SE and BFP images and allows light coupling to all available Bloch modes within the crystal. Furthermore, we provide a theoretical explanation for previously observed PCLR-SE images of plasmonic crystals with feature sizes well below the diffraction limit of the light.
